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LHC Roadmap

2009 . LHC startup, Vs 900 GeV

2010 v

2011 Vs=7+8 TeV, L~6x10%cm?s, bunch spacing 50ns Run 1
2012 ~25 fb!
2013 :

sota LSt \— Go to design energy, nominal luminosity - Phase 0

2015

2016 Vs=13~14 TeV, L~1x10*cm?3s", bunch spacing 25ns

2017

2018 LS2 & Injector + LHC Phase | upgrade to ultimate design luminosity
2019

~75-100 b’

Vs=14 TeV, L~2x10*cm=2s", bunch spacing 25ns
2021
2022 1S3 HL-LHC Phase |l upgrade: Interaction Region, crab cavities?

I Vs=14 TeV, L~5x10*cm=2s", luminosity levelling

~350 fb™

20307



= 3000 fb-! delivered in the order of 10 years
= High “virtual” luminosity with levelling anticipated

= Challenging demands on the injector complex
= major upgrades foreseen (Linac 4, Booster 2GeV, PS
and SPS)
L[10°** cm2s!]
20—

\ no leveling w peak 2x10°° cm2s°}
151

5 x 1034 cm2s-1 levelled luminosity
3 fb-! per day
~250 fb-1 lyear
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leveling at 5x10°* cm™s™
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Detector Upgrades

= Detectors need to be upgraded to be able to
cope with higher luminosity, e.q.

= Improve trigger capabilities to better discriminate
the desired events from background as early as
possible (at Level-1)

= Upgrade and/or replace inner tracking detectors as
they e.q.
= Cannot handle higher rate due to bandwidth limitations
= Suffer from radiation damage making them less efficient

= Have not trigger capabilities but these will likely be
needed at phase-2



Phase-0 upgrade in ATLAS: a new pixel layer

= ATLAS Pixel detector currently
has three barrel layers

= 4 Jayer (called “IBL"=insertable B-
layer) added in current shutdown

= Will improve tracking, vertexing
and b-tagging performance

) >1000¢
= Install during current shutdown = § gu;

— ———— |BL 109% B-layer inefficiency
F - #---— ATLAS
- ———— ATLAS 10% B-layer inefficiency

IBL on new
beam pipe

----- a--— IBL =
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CMS Pixel upgrade

= CMS is building a new Pixel detector
= with 4 layers
* less material
* Improved readout chip to reduce data loss

= To be installed in 2016/2017 shutdown
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Triggering is Huge Challenge

ATLAS Trigger Operation 2012
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= Trigger reduces 40 MHz collision
rate to 1 kHz storage rate

= 2-3 level trigger system

= L1 hardware trigger: 100 kHz limit

= Has to become increasingly
selective as luminosity increases

= Cannot afford to waste
bandwidth on background
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Trigger Upgrades

= ATLAS is trying to salvage single- & [T arassmsion e
lepton triggers 8 os  aUsv-arectgauging
= Major working horse for MANY analyses :g O_Gi_ _ﬁ ]
= At HL-LHC leptonic W’s alone have a [
rate of 1 kHz! 04 .
= Upgrades: 0l )
= Track trigger (FTK) at Level 1.5 (~2015) i
= New Muon detector in forward region %1020 50 4050 60 7 80 90 100
(201 8) true muon p_[GeV/c]
- Ir_nproved segmentation in LAr calorimeter W->Iv rate
trigger (2018)
Run-1 80 Hz
Run-2 200 Hz
Run-3 400-600 Hz
HL-LHC 1 kHz
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ATLAS Trigger Upgrades

ATLAS Run 201283 [LB 98-558], LHC Fill 2516, Apr. 15 2012, 50ns spacing
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CMS trigger upgrades

CMS Simulation ts = 14 TeV, L =2.2 x 10* cm?s, 26 ns
] 1 l 1 l 1 I l 1 I

WH — evbb
WH — uvbb
H—)thrh

H— et
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H—= WW — eevy

H— WW = nuvy

-
B

H—=WW — euvv
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Efficiency (%)

= Upgrades result in significant improvement in
triggering on Higgs bosons 1



B :

ATLAS Phase |l

Radiation damage & occupancy of
present tracker - full replacement

New LO(500kHz)/L1 trigger scheme,
with Rol based L1 track trigger

Phase | calo/muon upgrades are
Phase Il compatible. Additional
readout electronics upgrade.

Forward calorimeter options

b-tagging: ITk with 140 pileup better
than ATLAS+IBL W|th no plleup

Light jet rejection
2

A'n.As Slmulatlon pileup=0, 1Tk

< pileup=50, 1Tk
& pileup=140, ITk
pileup=0, 1IBL

Computing & software upgrades

Run1
~25 fort

Phase 0

I ~75-100 o

Phase |

Phase Il

~3000 fo*

June 2013

Baseline Lol
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design: all
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CMS Phase |l

« Scope to be defined in Technical Proposal (2014)

» New tracker with possible increased coverage to |n|<4, with an
L1 track trigger (p;>2.5 GeV)

 DAQ and HLT upgrade - 1 MHz L1, 10 kHz event storage
» Replace endcap and forward calorimeters

« Possible electromagnetic preshower system to provide photon
pointing and pileup discrimination from time-of-flight
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2010 - B — e M | | 18
20m Run 1 : INO* H H H H || H 8

o . Phase 0 e { 22
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w - - - -
l Possible tracker layout with forward pixel disks
20207 ~3000 fo
June 2013 Pippa Wells, CERN 12



Near Future: Run-2

ratio of 14 TeV to 8 TeV cross sections at the LHC

WJS2013

100 p=——y ' T T p S [
F ratios of LHC parton luminosities: /’ = 104
L 13TeV/8TeV,7 TeV/8TeV , T E
_ s
S =103
o 10f 39 T E
= f ----Iqq 5 F
b : T qg g 102 =
k%) I — T =
o —— oI - =
£ FEesmTTTT -
E 1 S— 10
1
| MsTW2008NLO ‘ -

0.1 Lo s P \

100 1000 process
M, (GeV)

= |ncrease in cross section by factor ~10 for M~2 TeV
= Discovery of TeV scale particles possible with a few fb-"
= Higgs measurement program enters new phase

= 3x larger cross section and 5x more data

= Statistical precision improved by about a factor 4 )



Future Physics Prospects (beyond run-2)

= Studies have been done for Vs=14 TeV for integrated
luminosities of 300 fb-! (LHC) and 3000 fb-! (HL-LHC)

= ATLAS

= Studies based on smearing functions applied to generated MC events
based on realistic/pessimistic assumptions for detector performance

= E.g. b-tagging and missing E; performance was found to be better in the
meantime but studies not yet updated accordingly

= CMS

= Current analyses are extrapolated to higher Vs and luminosity assuming
= Scenario 1: systematic and theoretical uncertainties stay as they are

= Scenario 2: systematic uncertainties scale as VL and theoretical
errors get cut by factor 2

15



Comment on Hadron Collider Projections

CDF Top Mass Uncertainty

(l+I and I+j channels combined)
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systematic uncertainties is reasonable
= Having large statistics allows to select the “best events”

= Data can be used to constrain systematics in situ

1
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Resolution=0p,,,.sc/RESPONSE

Jet and Etmiss resolution at high pileup

- anti-k, EM+JES, R=0.4
O<hl<0.3 25ns bunch crossing .
\s=14TeV - == (0)=0, 6™*"(u=30)
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= Jet resolution significantly degraded at low p-
= Degrades sensitivity to low mass dijet resonances

(e.g. H->bb)

= For p>100 GEV effect rather small
= E.-Mss resolution also degrades but ~OK
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Jet substructure at high pileup

(D 0.22 T T T T | T T T T | T T T T | T T T T T T T ] :,) 0_22 T T T T | T T T T | T T T T | T T T T T T T ]
Q0 ~ ATLAS Simulation Preliminary 1 2 - ATLAS Simulation Preliminary ]
"E' 02- anti-k, LCW jets with R=1.0, 0 <Inl < 1.2 i = 02: anti-k, LCW jets with R=1.0, 0 <Inl < 1.2 _:
W o 1 8 - No jet grooming —o— <>=0, o’ P (<u>=30) 4 U 0.18[ Trimmed —o— <w>=0, 0" P(<u>=30) -
- s=14 TeV, 25 ns bunch spacing leup ] % - Vs=14 TeV, 25 ns bunch spacing o w0, P icuont0)
8 0.16F s00< o <750 GeV O =00, (>=40 - 3§ 0,16} 500 <p' <750 Gev T e =
—_— - T ) ] = B . ' - ileu 7]
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0.1E 1 ot -
0.08F 3 0.08f E
0.04 - E 0.041 =
- I . Qe Shosssunsnese -

0 o - e 0 100 200 300 400 500
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= Substructure techniques still work even at 140
pileup events

= Thanks to trimming!
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Theoretical Uncertainties

= Theoretical predictions for processes are
critical for estimating cross sections and
acceptances

= Missing higher order QCD corrections

= Estimated by varying o XV 307.1347
renormalization and factorization %‘25_ e |1
scales e s

= Electroweak corrections (up to 20% at st = ", | |
high mass) 06[ 5" g :

= PDF uncertainties 04 .

_ 0.2k s

= Can be reduced with future

precision measurements at LHC ggﬁ% ===

= Beware of acceptance! g o m oW e

= E.g. data are analyzed in N, bins etc.
= Need understanding of p,(H) 19



Breakdown of Theoretical Uncertainties

Higgs production at 125 GeV

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/CrossSections

+ Model testing requires assessment of theoretical uncertainties

+ uncertainties from scale variation and PDF+strong coupling

NNLL QCD
+NLO EW

NNLO QCD
+NLO EW

NLO QCD

o (8 TeV) uncertainty
gg—H [19.5p0 | 14.7% | INNEGNGGG
VBF |156pb| 2.9% | Il
WH [070p0| 3.9% | HE ® roreos
/ZH 0.39pb| 5.1%
ttH |0.13pb| 14.4%

Perturbative QCD: Status - John Campbell, Fermitab |[CHEP2017 30
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Measurements of the Higgs Boson

= Mass will already have precision of ~100 MeV after run-2
= Difficult to improve
= Width expected to be very narrow for Higgs
= Cannot be measured due to limited detector resolution
= Spin/parity already pretty much established as 0*
= Will investigate CP violating contributions

= Couplings to fermions and bosons can be constrained via
measurements of oxBR expressed as y=(oxBR),/(0XxBR)SM

= |nterpretation in terms of couplings requires understanding of correlation
between measurements and is model dependent

21



LHC Higgs Boson Production and Decay

Production Decay

= Couplings quantified by factors k inserted at all the
Higgs vertices

= Study how they are constrained in global fit with all

processed jointly
22



Higgs: Run-1 Data Reminder

AT ey |~ (012 Uncertainty ATLAS: M,, = 125.5 £ 0.2.,., + 0.6.,. GeV
"\1= 125.5 (kv —0(“190) + b On l"' . H . — N ctat =— . cvc
02|  aAmi1307.1427
— -032 : = . —
—1550% 80 | ¥s
u . 028 :om | | 'T'—|
H—Z7Z"— 4] “3% m?”‘“ 1 fs=7TeV,L<5.1f" s=8TeV,L=19.6b"
+ 030 .
u = 143104902 T Combined CMS Preliminary m,, = 125.7 GeV ATLAS
-0.38| 545 | | Hd u=080:0.14|(p =065 o Data
H— WW" — hiv ‘g SOKI;1307.1427 - H%'ZYVILd b
- b - . \s=8Te t=20.7fb"
xn [-a5 : H-»bb H— 27" - 4l v Ol expected
u= ('-).99'_“‘;'23 ~018 : N u=115=062 (e 1oV [ 45" :ssumlng JP=0
ad L] IV DRSS ST A 1o
- ::EW e \s=8TeV Jtdt,zo.m
H—eyy, ZZ°, WW* +Q17 ! H — WW* — evuv/uvev
= 13302100 : n=1.10=041 Vs=8TeV [Ldt=20.7 tb"
=1 oer0n i |
H—=1yy
W.,ZH—bb 208 | ———— 'Y u=077+027
Preliminary 107|204 l—i——i
w=027"1 : H— WW
P ) I u=068=020
H— (8TeV- 13 T
Preliminary : H—=272Z
u =0‘74‘0.7 : u=092+028
-0.8 s oo, | IR P Ll T RS PR
B 0 15 2 25
f6=7ToV Lt » 4648 1" 05 0 05 1 15 2 Best fit o/o,,

Signal strength (u)

fe=8TeV Lt » 13-20.7 1"

= Signal strength u consistent with SM
= Mass known to 0.6 GeV already
= Hypotheses JF£0* rejected at 95% CL
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Higgs: Run-1 coupling measurements

[s=7TeV,L<51f"' {s=8TeV,L< 196"

CMS Preliminary i 68% CL
: == 95% CL
KV *I
K *:
f : Py, = 0-37
' 4
A *‘-
wz : p,,, = 041
I*
My : p,,, =039
'*-
Mg : By, =0.49
Kg il
*I
%y : Py, =023
BR ?—— p.. =0.41
BSM 1 1 1 1 I 1 1 1 1 [ 1 1 1 1 I 1 1 1 1 ISMI 1 1 1
0 0.5 1 1.5 2 2.5

= Higgs boson overall consistent with SM expectation for fermion and boson

parameter value

ATLAS Total uncertainty
m, =125.5 GeV + 1o + 20
Model: D | -
Ky Kp _\_/xl — TII / -
Ke| : ".|\
Poy=12% | T
A : . \ /
e A : /
....... I‘Pﬁ%lﬂ : 1=
Model: I — § ".,\ /
)“Q’ Xy | HO =2 %l—\' ' .IE . / T
........ 'll.I /""
“o| | @
Model: i S N
Kg’ K’ ; ....... ; ..... ’;"",,”.
pSM = 14% ; : .'K /fi’ """ Tl
-1 0 1
(s=7TeV fLdt=46481" Parameter value
s=8TeV fLdt =207 fo" Combined H— yy, ZZ*, WW*

couplings but uncertainties still large in many cases
=  Down vs up-quark coupling (Ay,)
= Quark vs lepton coupling (A,)
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Future Precision on [

\s= 14 TeV: | Ldi=300 fb'"; | Ldt=3000 fb™

CMS Projection

E?I‘pec";d “l"C‘;.“aI‘”“es ‘I’“I | I,“’;""”rﬁ';’“’"’"" i | Ldt=300 fb* extrapolated from 7+8 TeV
Higgs boson signal strength p ;:::ﬁ::;mmmm ::1' H EEmEm
— U w —
7-8 TeV,10 fb- 3. —
Hoyy —++—+—— 14 TeV, 300 fb! ttH,H—pp
Ho 27 st &wlotheoryunc.  yBEHtr S
H— WW = e | He 77 E
:*Z; | - | VBF,H- WW
- : : : | —
0.0 0.5 1.0 1.5 2.0 -
VH,H—vyy
= About 10-15% achieved with 300 fb-! tHH-vr =
for main decay modes VBF,H-yy e
H i =
= HL-LHC (3 ab™): =YY (+)
_ . H-yy i“
= Most decay modes: precision

improved by factor 2-3 0 02 04 06 08
= Depends on assumption on theory

T 25
and exp. uncertainties



Higgs boson couplings / partial widths

= Some uncertainties cancel
in ratio of partial widths

= Sensitive probe as we expect
new physics to affect different
couplings differently
= Expected precision
~10-20% for HL-LHC

= Factor 2-3 better than LHC
alone

= Theory uncertainty limiting
In several cases

ATLAS Simulation

'S = 14 TeV: [Ldt=300 fb' ; [Ldt=3000 fb*
[Ldt=300 fb™! extrapolated from 7+8 TeV

233
| L1

0O 02 04 06 08

AT, /Ty) 2A(KX/KY)

Iy/Ty Ky/ Ky o6



Higgs boson couplings/partial width

= Full fit of analyses done by CMS under the two sets of assumptions:
= Scenario 1: systematic and theoretical uncertainties stay as they are

= Scenario 2: systematic uncertainties scale as VL and theoretical errors
get cut by factor 2

= Truth is likely between these 2 scenarios
= Relative precision of 2-5% seems achievable on many couplings
= Depending on whether theory systematics can be reduced by ~2

CMS Uncertainty (%)
Coupling 300 fb—1 3000 fb~1
Scenario 1 | Scenario 2 | Scenario 1 | Scenario 2
Ky 6.5 5.1 5.4 1.5
Ky 5.7 2.7 4.5 1.0
Kg 11 5.7 7.5 2.7
Kp 15 6.9 11 2.7
K¢ 14 8.7 8.0 3.9
Kt 8.5 5.1 5.4 2.0 27




Rare processes. H->puu

70 IIIIIIIIIIIIIIIIIII IIIIIIIIIII IIIIIIII IIII

=3 C ]
B | > L}
S B ATLAS Prellmlnary Hop 13 10 ATL AS Slmulatlon
E 60 —Observed 1o qgef FmreTV =7 .
5 - ---- Bkg. Expected Ldt = 20.7 fi! 1 © | Ldt=3000f5"
o 500 Etlo - 4 % 10 B X e X
N \s=8TeV 1§ O
o 40— — Lﬁ 107 . a3+ H- pp, m, =125 GaV
o - ]
30F = 10°
- . 10°
20— ] b
- ’ 10 S'
10F - g
: ER o
o+ 102 PR (NN TR TR TR NN TR T S b
110 115 120 125 130 135 140 145 150 20 100 120 140 160 180 200
my [GeV] "1"‘ [GQV]

" H->uy
= Current upper limit 9.8 x SM expectation at m;=125 GeV

= Expect >50 significance from each of the two experiments
with 3 ab-’

= Precision of coupling to muons ~10-15%
28



Events/(2 GeV)

CMS Preliminary

Rare processes: H->2y

H—>2Zy
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= Current limit about a factor 10 larger than SM expectation
= No future prospect studies yet from either collaboration
= Based on run-1 results expect similar sensitivity as H->up
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Weak Boson Scattering

2N Terms which grow
w w w wWow w , E :
A= g with energy cancel
Zly MZ
zry w for E >> My
W wow oW W >_
w w i ] )
"":lh...n'"" " " A~-g’ E This cancellation
wm"’w‘%. W ow® M, » requires My < 800 GeV

= Higgs boson cancels divergence at high energy in SM

= Test experimentally

= Does any strong dynamics contribute to vector boson
interactions?

30



Weak Boson Scattering

= Signature of anomalous coupling is high mass
production of pairs of vector bosons

= ATLAS has studied ZZ, WZ and W*\+#

w - T T T T T T T T -] » ; ; ; .
= 35F ATLAS Simulation Preliminary . VBSZZ(SM) § 2 ATLAS Simulation Preliminary . VBS ssWW (SM)
C - : 3500 ) =
@ - L = 3000 5'  sMvBszz. ] @ = Iuaooom‘ . SMVBS SSWW + -
77 Cyy=15/TeV? 3000F fo=10TeV* 3
SMZZQCD 2500F SMesWWQcD -
2000 SMWZ + mis-ID
1500F-
1000F
. 500F
1 1 1 1 1 1 1 ~ ? 1 1
0.2 03 04 05 060708 1 1 2 3 4 5
m,, [TeV] m,, [TeV]
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Weak Boson Scattering

= Use framework of effective operators to parameterize
new physics as quartic coupling, e.g
= 7ZZ: dimension-6 operator Lew = CK‘;/TY(W“VWWWW
= WZ: dimension-8 operator L7, = I W WHP] ><T1‘[ W]
= W#W*: dimension-8 operator Lso = fSO[(Dﬂ¢) D,d)] x [(Duqs)’vacp)]

-
o

ATLAS
9t Simulation

Significance [o]
Significance [o]

11 11 1 11 1 11 1 lllll:
2 4 6 8 10

Cyw/A? (VBS ZZ-I'(TT) [TeV?
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What protects Higgs mass from being higher?

= Known possible answers:

= SUSY: top squark at m<400 GeV t

= and gluino with m<1.6 TeV

= vector-like top quarks
= E.qg. Little Higgs theories

7 N
H i*\ ji H
———————— Tt e o o - ———

= some other dramatic new physics
P Gl Al SUSY

a mass scale of a few TeV
= E.g. extra dimensions

= weak scale is fine-tuned at <1%

= Can directly search for these
particles at colliders

| 300 & j
Yoo ‘ :EL-,R ;’EL
Vv
125 _h

N. Arkani-Hamed



Top squark production

= Top squarks production occurs
= Directly
= From gluino decays if gluino mass low enough

= Decay via top quarks or via charginos to final states of
W's and b’s
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m_ [GeV]

Constraints on top squarks

Status: EPS 2013

1, production, t,— t;’z? 1t = Wb i:) It—c 3{?

L L I L B ) I N L B
400—ATLAS Preliminary Ly = 20 - 21 fb y5=8 TeV =470 V=7 TeV
= ooL, 'f;_) t %0 OL CONF-2013-024 0L [1208.1447]
350 =1L, f;g, ty 1L CONF-2013-037 1L [1208.2590]
B oL 'ﬂﬁ) t %1 2L CONF-2013-065 2L [1209.4186]
B oL '{1*) Wb %‘1) 2L CONF-2013-048 -
300 E=oL mono-jet/c-tag,fﬁ c 3'(:’ OL mono-jet/c-tag CONF-2013-068

CDF 2.6 fb™[1203.4171]

250

— Observed limits e Observed limits (-10,,.,) === Expected limits
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my [GeV]

g9 production, g— ﬁi?, m(@) >>m(g), \s =8 TeV

Lepton & Photon 2013

1200 = aTLAS

- o - - Expected
- | Preliminary == Observed

-~ Expected
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1000 — - - Expected
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- -~ Expected
- === Observed
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M_o

T T[T T T T[T [T T[T T T[T I T[T T[T T[T T[T
95% CL limits. 3YS¥ not included. —

theory
O-lepton, 7 - = 10 jets
ATLAS-CONF-2013-054

0-1 lepton, = 3 b-jets
ATLAS-CONF-2013-061

3-leptons, = 4 jets
ATLAS-CONF-2012-151

2-SS-leptons, O - = 3 b-jets
ATLAS-CONF-2013-007
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= Constraints ever improving from both ATLAS and CMS
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m_, [GeV]

~~ . ~ ~0 ~ ~O ~ ~O
tt, production, t—ty /t— Wb /t—c¥k, Status: EPS 2013
- T T T | T T T T I T T T T | T T T T | T T T T | T T T T | —]
—ATLAS Preliminary Ly = 20 - 21 fb y5=8 TeV Lo = 4.7 7 =7 TeV
oLty 0L CONF-2013-024 0L [1208.1447]
LTty 1L CONF-2013-037 1L [1208.2590]
Tty 2L CONF-2013-065 2L [1209.4186
WL 2L CONF-2013-048 [ !
LT~ wby -

300

250

200

150

= Constraints ever improving from both ATLAS and CMS

Constraints on top squarks

oL mono-jet/c-tag,tie c %:) OL mono-jet/c-tag CONF-2013-068
CDF 2.6 b [1208.4171]
— Observed limits e Observed limits (-10,,.,) === Expected limits

1200
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__ ATLAS
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theory
O-lepton, 7 - = 10 jets
ATLAS-CONF-2013-054

0-1 lepton, = 3 b-jets
ATLAS-CONF-2013-061

3-leptons, = 4 jets
ATLAS-CONF-2012-151

2-SS-leptons, 0 - >3 bjets [L, =207 o ]

ATLAS-CONF-2013-007
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= However, pretty natural scenarios still allowed, e.g
= M(gluino)=1.5 TeV, m(stop)=300 GeV, m(LSP)=150 GeV

= LHC (and HL-LHC) will be able to discover such scenarios

Lepton & Photon 2013
IIII|IIIIII[IlIIIlIIIIlIIII
95% CL limits. 3YS¥ not included. —

L, =203 b o




Gluino reach if decay via top/bottom

CMS Prel
s18w : 1 Ll 1 I Ll 1 1 I I-“I‘ 1 I Ll 1 1 I 1 Ll 1 I Ll 1 1 I 1 Ll 1
(3,1600:— PP—gg, gty
E?'ﬁ a0o . Based on 8US-13-007
- Estimated 5¢ discovery reach
1200 = —gTev, 20 115" P ——
1000 |- === 14 TeV, 300 fi5* e
800 [ -
600 |
400 |
200 —
: L l L L 1 l 1 L l L L 1 l 1 1 L l L L 1 l

0 1
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— o ] .7
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1000 - ----14 TeV, 300 f5' 1 3
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= With 300/tb reach about 2 TeV in gluino mass
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Top squark discovery potential

= 300 fb":
= Discovery up to ~800 GeV

In direct production

= Using same analysis cuts

for 3000 fb1:

= Discovery up to ~900 GeV

= Expect to improve when

analysis cuts retuned for
higher luminosity

= Can probably improve
further when optimized

= Exclusion covers 1 TeV

[GeV]

£ 500

CMS Preliminary

- l L B B I LI B I I L B B I LI B I LI B B I LI B I I LN B I I lllll

600 |- PP—T, 117, 8TeV, 20 i’ ]
~ 1-leptonchannel @ e 14 TeV, 300 fi5’ (scenario A}
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New physics at the weak scale

= Even if Nature is finetuned and stop is heavy we
have other reasons for new physics at weak scale

= Unification of couplings, Dark Matter, ...

= E.g.In “split-SUSY" other scalars are all heavy but
gauginos are at ~low mass

300|||||

; [ Illlllllllllllllllllllll - ._|||||||||||||||||||I||||I||| I L=
> S - : ) 7
o} " ATLAS Preliminary ==== Observed limit (+105.5") 8 700 gl;ﬂsTeVSamulatwn —
EC;X— 250 -_ J‘ Ldt=20.7 fb-‘, \s=8TeV ----- Expected limit (+1 Gexp) __ E E llllll 3000 ﬂ)‘1, 95% exclusion limit .
C T -ow'g 278 o —— ATLAS 1301 Vs =8 Tev @ 600} s 3000 fb™, 55 discovery reach -
[ my=m o imits at 95% ] = [ ---=-- 300 fb™, 95% exclusion limit ]
200 [~ ’ P o ap 33 500F — 300 fb™, 50 discovery reach o
» . . PSS _ A oy _ L @
- ((\/’*\,-“ Q// E ‘(\le e - -
— L A L b [
150 — 5 /(Q*\ g L g | 400_
RN g e ] -

100 |

” 200F-
s0 ) - -
- -\ 100}, .
Ak . Eak 1V b LN e L o]
ol dly 0 0 A . 100 200 300 400 500 600 700 800
100 150 200 250 300 350 400 ot -0
Mo - [GeV] X, and ¥, Mass (GeV)

Dramatic improvement in reach by HL-LHC: probing ~1 TeV chargtaos!



Generic Squarks and Gluinos

Squark-gluino grid, m __=0. \s=14TeV META\HT>15GeV"?

> 105 ) . ) ' ) ) ) j ) ) ) . ) ) ) A ) ) ) | gy T T T T T L T T T T T T T T T —
& ATLAS Preliminary (simulation) > 4000} ' T z...'o..md q a
g (5= 14 BV (simuaton) O, B . —son dscovsry mach ] b
10‘ Zovy e B \ .- —— 300m dkovery wach [ | 10_2
; tf semieptonic £ 3500 3 . M W ¥ 3000t exchision 95% CL_] ?
= Ifhﬁ-lll.lm B Y 300 5 "exchmion 95% CL | =
2 10° 3200 GV, m({I=2200 G C ’ 3
i -t o= 2400 Gev 3000 =10
10° . ] E 4
.Jj L. 2500 =10
10 ol e - i
!- r.:' "._.'::_i_ 2000 :_Zn, 8yk309’o - . . - 10-5
1 [_.r’_l" H Hin L ATLAS Preliminary (simulation)
PP N 7 PR w1 R L B
0 2000 4000 6000 8000 10000 --l-...l....u....n‘_-s
15005000 2500 3000 3500 4000 1©

Myp [GSV] e (G

= Search for large E;™ss and large M

= Current limit ~1 TeV at 95% CL.:
= Will be extended to 2.3 (2.7) TeV with LHC (HL-LHC) if we
don’t discover it

= Discovery potential ~2.3 TeV with HL-LHC
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Vector-like Quarks

g 1FVector-like 8o . 3
£F [ Top SN2 Singet (X.T) Doutiet |

—T—=Wb — T—Wb -
. —T=2 —T=2
- Tl — T —ToH -

300 400 500 600 700 800 9S00 1000

m, [GeV]

= Vector-like quarks are colored spin-1/2 fermions which
transform the same for left- and right-handed under
EW gauge group

= Alternative solution to little hierarchy problem

= Appear in many BSM models, e.qg.
= Little Higgs, Extra Dim., ... 41



0.8

06

04

BR(T — Ht)

0.2

Vector-like Top: Present
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Currently probing up to about 600-800 GeV 42



Vector-like Quarks: future

T quark search extrapolation

8.0

—a-multileptons (8 Tev/20y ) - multilaptans (14 Tev/300/%s)
8.0

—%—combinec (8TaV/20/f) ~#-combned (14TeV/X00/fb)
7.0
6.0

\

n
o

\

5
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w
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N
o

2
o

o
o

500 700 900 1100 1300 1500
T quark mass/GeV

= Probe up to 1.5 TeV with 300 fb-"
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Other New Particles: Present

ATLAS Exotics Searches* - 95% CL Lower Limits (Status: May 2013)

. T T T T T T 1 T T 117 T 1 TTT11 T T T T T 111
" Large ED (ADD) : monojet + E, miss MD (8=2)
Large ED (ADD) : monophoton + E; .. { M (5=2) ATLAS
g Large ED (ADD) : diphoton & dilepton, M,y Mg (HLZ 3=3, NLO) Prelimi
S UED : diphoton + £, ... g Compact. scale R reliminary
2 S'z, ED : dilepton, m, M ~
g RS1 : dilepton, m, |£=2015™ 8 TeV [ATLAS-CONF-2013-0 g¥. Graviton mass (klMPI =0.1)
S RS1 : WW resonance, my Graviton mass (kIMg, = 0.1) 4
© Bulk RS : ZZ resonance, my, : ! Graviton mass (k/M, = 1.0) Ldt=(1-20)fb
= RS g — tt (BR=0.925) : ti - I+jets, m g, mass _
a ADD BH {M,, /M,=3) : SS dimuon, N, .1 My (5=6) " fs=7,8TeV
ADD BH (MTH /M,J 3) : leptons + jets,Xp M, (5=6)
Quantum black hole : dijet, F (m
'qqqq contact interaction : f(‘(m)
%) qqll CI : ee &y, n!ll TeV. A (constructive int.)
uutt Cl : SS dilepton + jets + E, L \TLAS-CO!
Z' (SSM) : meew L=20 fb”, 8 TeV [ATLAS CONF-2013-017) 286TeV_ 7' mass
Z' (SSM) :m.. |L=4.71b",7 TeV [1210.6604) 14Tev 7' mass
5 Z' (leptophobic topcolor) : tt — I+jets, m |L=14.3 fb”, 8 TeV [ATLAS-CONF-2013-052) 18Tev_  Z' mass
W' (SSM) : mw L=4.7 1", 7 TeV [1209.4446) 255Tev. W' mass
W'(—>tq, g =1):m, |L=47 "7 Tev[1209.6503) 430 GV W' mass
W'e (= tb, LR%M) m L=14.3 1b”, 8 TV [ATLAS-CONF-2013-050] 184Tev. W' mass
Scalar LQ pair (5=1) : kin. vars. in eejj, evjj L=1.01b", 7 TeV [1112.4825) 660Gev T gen.LQ mass
9, Scalar LQ pair (#=1) : kin. vars. in ppjj, uvjj |t=t.0m" 7 Tev (1203.3172) e85Gev 2" gen.LQ mass
o __Scalar LQ pair (B=1) : kin. vars. in 7zjj, Tvjj [L=47 "7 Tev [1303.0526) 534Gev 3" gen.LQ mass
» 4" qeneration - t't— WbWhb | £=47 16" 7 TeV [1210.5488) 656 Gev I' mass
=< 4thgeneration: b'd'— SSdilepton +jets +E [543 1" 8 Tev [ATLAS CONF-2013.051) 720GeV_ b' mass
% 3 Vector-like quark : TT— Ht+X [L=1431b" 8 TeV [ATLAS.CONF2013.018) 790 Gev T mass (isospin doublet)
= Vector-like quark : CC,m,, |L=4.61b"7 TeV [ATLAS-CONF-2012-137) 142Tev.| VLQ mass (charge -1/3, coupling x o = v/m,)
. Excited quarks : y-jet resonance, m
S g Excited quarks : dijet resonance, rﬁ vV q* mass
ﬁ ko) Excited b quark : W-t resonance, m,,, b* mass Ieft handed coupling)
Excited leptons : |-y resonance, m [ 227ev_ |* mass (A = m(l*))
Techni-hadrons (LSTC) : dilepton, meem; pTIu)T mass (m(p /o) -m(n;) = M)
Techni-hadrons (LSTC) : WZ resonance (vIl).m p, mass (m(p,) =m(x;) +my, m(a,) = 1.1m(p,))
“ Major. neutr. (LRSM, no mixing) : 2-lep + jets N mass (m(W_) = 2 TeV)
£ Heavy lepton N* (type Ill seesaw) : Z-| resonance, m,, N* mass (|V | = 0.055, |V | = 0.063, |V | = 0)
3 [~ (DY prod., BR(H’*—)II) 1): SS ee (up), m H* mass (limit at 398 GeV for uu)
Color octet scalar dijet resonance, m Scalar resonance mass
Multi-charged particles (DY prod.) : highly ionizing tracks mass (|g| =
. Magnetic monopoles (DY prod.) : highly ionizing tracks T | | I IT"‘-‘SS . ol . UL
10" 1 10 10°

Mass scale [TeV]

*Only a selection of the available mass limits on new states or phenomena shown

= Reach ranges from a few 100 GeV to a few TeV
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= Current limits are on oxBR

E 7 ™ ATI(_Qé Plrfllm;nary Itt
are ~0.1 pb e 10° Ldt=3000fb" | wWiets
: 2 10° .
= Expect to improve by a factor ¢ . 7"

of ~100 with HL-LHC 167

= Probe KK gluons up to 10
masses of ~6.7 TeV L

A 7 .‘AE

. c m[TeV]

95% CL limits on: T ,
2 } _g /g 020

cg 10* J- L dt = 3000fb ! o Expected limit
Gkk 10°- ATLAS Preliminary E cieds o
(TeV) (TeV) (Simulation)
102 — tt

Run 1 10 ?§K=14Tev
300 fb- 3.3 4.3

102
3000 fo! 5.5 6.7 O

3000 4000 5000 6000 7000 8000 9000 10000

m,_[GeV] 45



Dilepton resonances

= Current limits are on oxBR
are ~0.3 fb

= Expect to improve by a factor
of ~100 with HL-LHC

= Probe Z’SSM up to masses
of 7.8 TeV

95% CL limits on:
Z’->ee |Z'->upM
(TeV) (TeV)
Run-1 2.79 2.48
300 b1 6.5 6.4
3000 fb" 7.8 7.6

Events / Bin

10

107 =—

10°0F " ATLAS Prdliminary |3 . -
10° (Simulation) IZ/7—>"
107 Ldt=3000f0"
‘|06 %
10°F
10°F
107
1P
10
10°606 0.1 02 03 1 2 34567
m, [TeV]
=== T *7 **~*§ "™ "“§ """
L dt = 3000f5 -—+-- Expected limit
e Expected + 1o
ATLAS Preliminary Expected+ 20
(Simulation)
A |
1s=14 TeV
o 1. e e
4000 6000 8000 10000

my[GeV] 46



Rare Decays of Top quark

Process SM QS 2HDM | FC 2HDM MSSM R TC2 RS

t—uy | 37x10710 | 75%x1077 | — - 2x10°¢ [ 1x10¢| — [~10°H
t—uZ | 8.0x 10717 | 1.1 x 10~* — — 2x107¢ | 3x107° o ~ 1079
to>ug | 37x10714 | 15x107 | — _ 8x 105 | 2x10%4 | — |[~10-1

tocy [46x107F[75x10° [ ~10°] ~1077 2x10°°% T1x10%[~10°] ~1077
t—cZ | 1.0x10% [ 11x10% | ~1077 | ~10°10 2% 10°% [ 3x107° | ~10% | ~ 107
t—ocg [ 46x10712 [ 151077 | ~107* | ~10® |85x107 [2x10%|~10% | ~107°

1

= In SM top quark decays to Wb % F T T T 0
nearly 100% 510-1?0DF ﬁ REGIONS —§
= Observing decays to other 102 — =
modes clear sign of new physics ~ F aseee .
] E  ATLAS Simulation T e F
= Many models predict  oxrapoaied o 4oV
10 ____. , } L ZEUS
enhancements i B S > &%
= Interesting range starts at ~10- s | f [ e
i 1 1 (discriminant)
. v vl vl bl bl i
= HL-LHC will probe ~3x10- at T

BR(t— qy)
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European Strategy

= |n 2012 European Strategy convened to plan
the future of particle physics in Europe

Europe’s top priority should be the exploitation of the full
potential of the LHC, including the high-luminosity upgrade of
the machine and detectors with a view to collecting ten times
more data than in the initial design, by around 2030. This
upgrade programme will also provide further

exciting opportunities for the study of flavour h

physics and the quark-gluon plasma.

European Strategy
Update
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European Strategy

= |n 2012 European Strategy convened to plan
the future of particle physics in Europe

Europe’s top priority should be the exploitation of the full
potential of the LHC, including the high-luminosity upgrade of
the machine and detectors with a view to collecting ten times
more data than in the initial design, by around 2030. This
upgrade programme will also provide further

exciting opportunities for the study of flavour ™ '

physics and the quark-gluon plasma.

European Strategy
Update

Snowmass process in US ongoing, followed by P5 panel
which will suggest funding priorities 49



Do we have to know results from 13 TeV

run to decide on HL-LH(C?

= Compare scenarios depending on what we
know by 2017

= Assume about 50 fb-! by 2017 analyzed

Observation in 2017 Conclusion

A Found 50 excess in data in at least
one BSM signature

B Found 30 excess in data in at least
one BSM signature

C Found no excess in data >20 but
deviation in Higgs by 30

D Found no excess in data and no
deviation in Higgs either
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High Energy LHC: HE-LHC

Re-equip existing LHC tunnel with high field

magnets 0
Conceptual layout of
I Nb,Sn || Nb;Sn Nb;Sn .
60 - lowj || highj highj 20T dlpole magnet
g T s (Nb;Sn and HTS)
E 40 ¢ HTS I\lfb3§_11 A Nb-Ti
» owi || iehs Intense R&D
SN o reduired
RN | M || | RN L. Rossi and E. Todesco
0 20 40 60 80 100 120
X (mm)
Circumference 26.7 km
Maximum dipole field 20T
Injection energy from SC- 1.3 TeV
SPS
Maximum c.o.m. energy 33 TeV

Peak luminosity 5 x 1034 cm2s-" 52



80 to 100 km*Very High Enérgy LHC VHE-
ey I 8 '

‘ Pre-Feasibility Study for an 80-km
tunnel at CERN

John Osborne and Caroline Waaijer,
CERN,ARUP & GADZ




Circumference 80 or 100 km
Maximum dipole field 20o0r16 T
Injection energy > 3.0 TeV
Maximum c.o.m. energy 100 TeV

Peak luminosity 5 x 10%* cm2s-"
Stored beam energy ~5500 MJ

Among the many challenges:

* Synchrotron radiation heat load 33 W/m

* Collimation!

* IR quadrupoles

* Arc quadrupoles (naive scaling gives 1593 T/m at 50 TeV beam energy)
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* Run-1 has been a fantastic success
= Found a Higgs boson
= Severe constraints on physics BSM
= >500 papers published on vast variety of topics

= Knowledge of TeV scale physics will be improved
dramatically by future LHC running
= Going to full energy and increase L by factor 100
= Higgs couplings will be measured with precision of 2-10%
= Searches for new particles will extend mass reach by ~2-3

= Theorists play critical role in fully exploiting LHC

= HL-LHC significantly improves upon LHC and
considered top priority in Europe

= Higher energy options being studied (R&D) 55



